He burn history, DD burn history, and several time-integrated D 3 He proton energy spectra provided new results, such as shock-bang timing, shock-burn duration, evolution of the ion temperature, and evolution of R and R asymmetries. The shock-bang time measurements, when compared to calculation using the 1D LILAC code ͓J. Delettrez et al., Phys. Rev. A 36, 3926 ͑1987͔͒, indicate that a varying flux limiter is required to explain the data, while the measured shock-burn duration is significantly shorter than 1D calculations, irrespective of flux limiter. The time evolution of ion temperature ͓T i (t)͔ has been inferred from the ratio of the DD and the D 3 He burn histories, and a constant temperature is observed during the compression phase. The discrepancy between experimental data and 1D simulations during the final stages of the compression burn indicates that mix is significant, especially for the 20 and 24-m capsule implosions. Evolution of R and R asymmetries show that the average R grows by a factor of ϳ4 -5 from shock-bang to compression-bang time, and that R asymmetries (lϭ1), primarily driven by capsule convergence, grows ϳ2 times faster than the average R growth.
I. INTRODUCTION
Shock convergence timing and proper assembly of capsule mass, as manifested through areal density (R) evolution, are fundamentally important for achieving ignition in inertial confinement fusion ͑ICF͒. [1] [2] [3] Experimental information about implosion dynamics is therefore required both for understanding how assembly occurs and for critically evaluating numerical simulations. Without carefully tailored assembly of the fuel, hot-spot ignition planned for the National Ignition Facility ͑NIF͒ ͑Refs. 1-4͒ and the Laser Mega Joule ͑LMJ͒ facility 5 will fail. Hot spot ignition relies on shock convergence to ''ignite'' the hot spot, followed by propagation and burn of the compressed shell material ͑compressive burn͒. The relationship between these events must be understood to ensure the success of ICF ignition. To elucidate these issues, we report here the first precise measurements of shock-bang timing, shock-burn duration, and evolution of the ion temperature of D 3 He implosions. These measurements were performed at the 60 beam direct-drive OMEGA laser system. 6 For the shock-bang timing studies, the unique strength of the D 3 He shock burn and its clear separation from the compression burn, as opposed to other nuclear reactions ͑DD or DT͒, allow highly accurate timing measurements. In addition, data describing evolution of R and R asymmetries of these types of implosions are reported.
Inferring R is accomplished by studying the slowing down of the energetic D 3 He protons. Through the use of plasma stopping power calculations, 7 these energy downshifts are quantitatively related to the R of the plasma material. Although most R and R asymmetry studies, utilizing the energetic D 3 He protons, have been time-integrated studies over the entire D 3 He burn, 8-15 D 3 He proton spectra often show unique signatures of R evolution. In particular, Ref. 12 clearly demonstrates that measured D 3 He proton spectra have two distinctive features associated with shock and compression phases of the implosion. Furthermore, it was suggested in Ref. 13 , that R asymmetries at compression-bang time, relative to the R asymmetries at shock-bang time, have been amplified without any phase changes; an effect that was demonstrated later in Ref. 14 for capsules imploded using a large imposed laser-drive asymmetry. In addition, the work described in Ref. 16 combines time-integrated D 3 He proton spectra with measured DD burn history to infer R evolution during the DD burn. That work, however, did not evaluate R asymmetries, and was only applied to capsule implosions when the D 3 He-shock yield was insignificant in comparison to the compression yield.
The work described herein extends aspects of the work described in Refs. 12-16 by combining D 3 He burn history data with time-integrated D 3 He proton spectra measured simultaneously from several directions. This allows highly accurate studies of the nature of D 3 He burn from which studies of shock-bang timing and duration, evolution of ion temperature, evolution of R and R asymmetries for many types of implosions. This paper is structured as follows: Sec. II describes the experiments, while Sec. III describes the data processing and analysis. In Sec. IV, the results are discussed and contrasted to 1D calculations, while Sec. V gives a few remarks on planned future activities. Finally, Sec. VI concludes the paper.
II. EXPERIMENTS
In these experiments, capsules were imploded with a 1-ns square laser pulse shape delivering about 23 kJ of UVenergy on target. All laser beams on OMEGA were smoothed with SG3 distributed phase plates, 17 1-THz, two-dimensional smoothing by spectral dispersion, 18 and polarization smoothing using birefringement wedges; 19 the beam-to-beam energy imbalance was typically 3%-4% rms for these implosions. D 3 He filled CH capsules with a nominal diameter of 940 m, a nominal fill pressure of 18 atm, and shell thickness varying from 20 to 27 m were used. These implosions were studied using a proton temporal diagnostic ͑PTD͒ for measurement of D 3 He burn history, 20 and several proton spectrometers for measurements of time-integrated D 3 He proton energy spectra. Additional information about the implosions was obtained from the neutron temporal diagnostic ͑NTD͒ Up to six proton spectrometers, which are described in detail in Ref. 9 , were simultaneously used for the timeintegrated measurements of the D 3 He proton spectrum. The spectrometers were used in the OMEGA target chamber diagnostic ports TIM1 through TIM4 and TIM6 as shown in Fig. 1 . This figure also shows the port locations that were used for the PTD ͑TIM5͒ and the NTD, as well as a set of measured D 3 He proton spectra from a D 3 He implosion with a 27-m thick CH shell ͑shot 31271͒.
The PTD consists of a 1-mm thick BC422 scintillator and a thin ͑about 100 m͒ tantalum filter in front of the scintillator for protection against x rays and laser light. An optical system transports the scintillator light produced by the D 3 He protons in the scintillator to a high-speed optical streak camera, 23 located outside the target chamber. The BC422 scintillator is positioned 9 cm from the implosion. A train of optical fiducial signals is simultaneously recorded for an accurate timing reference with respect to the laser pulse. A drawing of the PTD front end is shown in Fig. 2͑a͒ . Figure  2͑b͒ shows a streaked image recorded by a CCD camera attached to the streak camera for shot 31271. The horizontal axis corresponds to time, and the train of optical fiducial signals is shown just above the image of the scintillator output. The vertical direction reflects the image of the scintillator, and the measured signal is averaged across this direction after the signal has been corrected for background ͑measured FIG. 1. Schematic drawing of the OMEGA target chamber showing the position of the neutron temporal diagnostic ͑NTD͒, and the locations of ports TIM 1 through TIM 6 that were used for the proton spectrometers and for the proton temporal diagnostic ͑PTD͒. Also shown is a corresponding set of measured D 3 He proton spectra, NTD, and PTD data from a D 3 He implosion with a 27-m thick CH shell ͑shot 31271͒. The energy down shift of the spectrum is a direct measure of R along the line-of-sight of each spectrometer ͑the birth energy of the D 3 He protons is 14.7 MeV as indicated by the arrows in the spectra͒. The narrow high-energy peak is associated with the shock burn, and the wider low-energy peak with the compressive burn.
in the bottom portion of the image͒, geometric distortions, and the streak camera flat field. Due to the very fast scintillator risetime (Ͻ20 ps) and the slow decay time (ϳ1.2 ns), the burn history is encoded in the leading edge of the measured signal. The resulting D 3 He burn history ͑the deconvolved signal͒, shown in Fig. 2͑c͒ , is therefore obtained by deconvolving the effect of the long scintillator decay time from the recorded signal. To obtain the absolute timing of the deconvolved signal, all protons were assumed to have the energy of 14.3 MeV. The resulting time history of the signal, shown in Fig. 2͑c͒ , is in turn a convolution of real D 3 He burn history, arrival time spread at the PTD caused by several effects as described in Sec. III, and PTD response. The actual proton energy spectra shown in Fig. 1 were used in the subsequent post processing of the deconvolved D 3 He burn history as described in the next section.
III. DATA PROCESSING AND ANALYSIS
To determine time evolution of the D 3 He burn from the deconvolved PTD signal that is shown in Fig. 2͑c͒ , the data must be corrected for the effects causing time dispersion at the PTD. These effects are: Doppler broadening, geometric broadening, R evolution, and PTD response. In this context, the PTD position relative to the implosion has to be considered as well. Basically, the energy spectrum of emitted D 3 He protons, born at a particular time t has been broadened due to ion temperature and implosion geometry and downshifted in energy due to R ͑primarily due to the shell at all times͒. As a result of the spectral broadening, these D 3 He protons will arrive at the PTD at different times. Additional spectral broadening, and the resulting time dispersion, is introduced as R evolves in time, ͓R(t)͔, which is also one of the most important physical quantities to characterize ͑Sec. IV C͒. Temporal broadening is also caused by PTD response. The significance and effects of each process are described in detail in the next section.
A. Components causing time spread in PTD data
Although Doppler broadening caused by ϳ6 keV ion temperature (T i ) ͑Ref. 12͒ dominates other effects at shockbang time, it only causes an arrival time spread of ϳ30 ps at the PTD. To correct for the arrival time spread caused by T i and its evolution, 1D calculations of the T i (t), using the hydrocode LILAC, 24 were used in the analysis. T i was determined from the ratio of DD and D 3 He reaction rate for conditions of equal molar D and 3 He, and under the assumption of a uniform density and temperature profiles.
The geometric broadening starts to be more significant as the capsule compresses, and at compression-bang time its contribution to the arrival time spread at the PTD is about 30 ps. The geometric broadening is caused by the finite size and shape of the proton source and shell. Even in a spherical capsule implosion, protons transverse the compressed shell at different angles to the shell normal and thus travel different path lengths through the shell. This results in a range of energy downshifts, which in turn corresponds to an arrival time spread at the PTD. To quantify and correct for this effect, 3D Monte Carlo calculations were used to distribute birth location of each proton and its path length in the fuel and shell, which gives the amount of energy lost and thus the arrival time at the PTD. Proton core imaging spectroscopy ͑PCIS͒ ͑Ref. 25͒ provided information about the size and shape of the proton source at compression-bang time, and a Gaussian source radius (1/e) of about ϳ35 m was used. Additional information about the source size was obtained from other work, 11, 12 which demonstrated that the convergence ratio 26 is a factor 2 smaller at shock-bang than at compression-bang time, indicating a source radius of ϳ70 m at shock-bang time. The evolution of the source size through the D 3 He burn was estimated from a linear interpolation between these two times.
The time evolution of R is the third component causing arrival time spread at the PTD. As the capsule compresses, R and proton energy downshift increase. During the entire D 3 He burn, the proton energy downshift typically varies from 0.5 MeV ͑at shock-bang time͒ to 3.5 MeV ͑at maximum compression͒, corresponding to an arrival time spread of about ϳ200 ps, which broadens the real burn history by ϳ40%. It is therefore important to determine R(t) and its FIG. 2 . ͑a͒ Schematic drawing of the PTD front end that is positioned 9 cm from the implosion, ͑b͒ streaked image recorded by a CCD camera attached to a streak camera, and ͑c͒ resulting time history of deconvolved D 3 He burn, which indicates both shock burn and compression burn for shot 31271. The PTD front end, shown in ͑a͒, consists of a 1 mm thick BC422 scintillator and a thin ͑about 100 m͒ tantalum filter in front of the scintillator for protection against x rays and laser light. A train of optical fiducial signals ͑labeled 4͒, which is shown just above the image of the scintillator output, is used for the timing reference. Also indicated in the image is the x-ray component ͑labeled 1͒, shock component ͑labeled 2͒, and compression component ͑labeled 3͒. The vertical direction indicates the image of the scintillator, and the background corrected signal is averaged across this direction. The resulting time history of the deconvolved signal, as shown in ͑c͒, is in turn a convolution of real D 3 He burn history, arrival time spread at the PTD caused by several effects as described in Sec. III, and PTD response. Post processing of the deconvolved PTD signal must therefore be performed to determine the real D 3 He burn history ͓see Fig. 4͑b͔͒ .
effect on the measured PTD data. Figure 3 shows the arrival time for protons with energies ranging from 10 to 16 MeV. Also shown in Fig. 3 is the proton interaction time, which will be addressed in the next paragraph. The last component causing time spread is the PTD response. Since the burn history is encoded in the leading edge of the measured PTD signal, streak camera response and scintillator risetime ϳ20 ps needs to be corrected for as well as the proton interaction time with the scintillator. These effects have been accounted for in the analysis, and the PTD light response to protons with energies varying from 10 to 16 MeV is shown in Fig. 3 for a 1.0 mm thick BC422 scintillator. It is seen in Fig. 3 that the 1 mm scintillator response is ϳ40 ps ͑FWHM͒ irrespective of proton energy.
B. Determination of R"t… and D
3 He burn history R(t) was determined by fitting a calculated, time integrated proton spectrum to a measured spectrum ͑a set of measured spectra is shown in Fig. 1͒ . The best fit was found by minimizing 2 between measured and calculated spectra by varying the fitting parameters in the function used for R(t). Three different types of R(t) functions were tried ͑Lorentzian, a skewed Gaussian, and a higher-degree polynomial͒, and they gave the same results within the uncertainties. The calculated, time integrated spectrum was constructed as follows. At a particular time t the birth spectrum of the D 3 He protons broadens due to ion temperature and implosion geometry, and is downshifted in energy due to R. Provided that the proton production history ͑or D 3 He burn history͒ is known, a time integrated D 3 He proton spectrum can be determined by summing all proton spectra, each produced at a particular time t, over the entire D 3 He burn. However, since the real proton production history is not known at this point, the DD neutron production history was initially used in the analysis in a fashion similar to the method described Ref. 16 . The NTD measured DD neutron production history ͑which is not sensitive to the shock͒ could be satisfactorily used in this analysis if the shock yield is insignificantly small, or if the shock component in the D 3 He proton energy spectrum is excluded.
Having quantified the effects causing time dispersion at the PTD, the D 3 He burn history can be inferred from the deconvolved PTD signal shown in Fig. 2͑c͒ . A semianalytical forward-fitting technique was used in which a guessed D 3 He burn history was folded with the components causing the arrival time spread at the PTD ͓an average R(t) was used in this part of the analysis͔. Two skewed super Gaussians, representing the shock peak and compression peak, were used as an initial guess of the real D 3 He burn history and folded with the components causing time dispersion. The convolution was adjusted to the deconvolved PTD signal ͑shot 31271͒, using a 2 minimization technique, and the best fit is shown in Fig. 4͑a͒ . The effects of the dispersion mechanisms and the initial assumption that all protons have an energy of 14.3 MeV are illustrated in Fig. 4͑b͒ in which unfolded D 3 He burn history is compared to deconvolved PTD signal. The unfolded D 3 He burn history can now be used to infer the final R(t) curves by fitting calculated, time integrated proton spectra to measured spectra. An example of a resulting set of calculated D 3 He proton spectra that have been fitted to the measured spectra ͑including a significant shock component͒ is shown in Fig. 5͑a͒ for shot 31271 . The inferred R(t) curves from these fits, and the unfolded D 3 He burn history ͑dotted line͒ are shown in Fig. 5͑b͒.   FIG. 3 . Determined arrival times at the PTD for protons with energies ranging from 10 to 16 MeV. A time dispersion of ϳ70 ps/MeV is introduced by positioning the PTD 9 cm from the implosion. The PTD light response to protons, which is given in keV ee /10 ps ͑subscript ee stands for electron equivalent͒, is also indicated. Accounting for the 20 ps risetime ͑caused by scintillator and streak camera response͒ and excluding the effect of the long scintillator decay time, the total scintillator response is determined to be ϳ40 ps ͑FWHM͒.
FIG. 4. ͑a͒ Calculated D
3 He burn history ͑solid line͒ fitted to deconvolved PTD signal, which is indicated by the error bars, for a 27 m thick capsule implosion ͑shot 31271͒. ͑b͒ Unfolded D 3 He burn history compared to the deconvolved PTD signal for the same shot. The effects of the dispersion mechanisms and the initial assumption that all protons have energy of 14.3 MeV are illustrated by comparing the differences of the two time histories. The deconvolved PTD signal has been normalized to the unfolded D 3 He burn history to allow for a detailed comparison of the shape of the two time histories.
IV. RESULTS

A. Nature of the D 3 He burn history
The D 3 He burn history strongly depends upon the type of capsule imploded and the shape and strength of the laser drive. For these experiments, a strong first shock is generated, which elevates the temperature to ϳ100 eV when it breaks out at the shell's inner surface. A second, faster shock subsequently breaks out into the shocked fuel, and coalesces with the first shock before it reaches the center of the implosion. As the shock front, driven by the second wave, moves towards the target center, spherical effects further increase its strength and velocity, and at shock convergence a large fraction of the kinetic energy is transformed into thermal energy of the ions. This is the onset of the shock burn. Additional heating is produced by the reflected shock as it expands outwards and thus increases the pressure about an order of magnitude. 27 Consequently the D 3 He reaction rate increases for ϳ100 ps. Eventually as the shock wave expands, it gradually loses strength ͑due to the spherical geometry͒ and the fuel starts to cool off, thus reducing the D 3 He reaction rate. As a result, the overall shock-burn duration is typically 100 ps ͑FWHM͒. As the capsule compresses during the deceleration phase, which most notably begins when the reflected shock impacts the fuel-shell interface, the pressure, density, and temperature increase until conditions are reached again for D 3 He fusion to occur. This phase is identified as the compression burn, which occurs a few hundred picoseconds after the shock burn and continues for ϳ150-200 ps.
As shown in Fig. 6 , the D 3 He burn history contains a significant shock-burn component in addition to a compression burn, for a 27 m capsule implosion ͑shot 31271͒, that is similar to that of DD neutrons. In this case, the total DD yield is ϳ60 times larger than the D 3 He yield. As indicated in Fig. 6 , the unique strength of the D 3 He shock burn and its clear separation from the compression burn, as opposed to DD shock burn, allow highly accurate measurements of the shock-bang timing.
As demonstrated, the measured DD and D 3 He burn histories contain vast amounts of information about the implosion. Additional information, such as evolution of ion temperature T i (t), can be determined from the ratio of the DD and D 3 He burn histories. Assuming uniform density and temperature profiles, this ratio is strongly dependent on ion temperature allowing an estimate of the average T i (t). 8 Figures 7͑a͒-7͑c͒ show the experimentally determined T i (t)'s for 20, 24, and 27 m thick capsule implosions ͑black points͒, respectively. The statistical accuracy in the T i (t) data for each capsule type was improved by summing the DD and D 3 He burn history data over a few consecutive shots. A constant temperature (ϳ2 -4 keV for the different types of implosions͒ is inferred during the compression phase. This observation is consistent with previous work that determined a time averaged ion temperature at compression-bang time. 28 Also shown in Figs. 7͑a͒-7͑c͒ is the 1D calculation of T i (t) ͑solid line͒, which is determined from the ratio of the two burn histories. A sharp cutoff flux limiter of ϳ0.07 was used in the 1D calculations for 20 and 24-m cases, while a sharp cutoff flux limiter 29 of ϳ0.06 was used for the 27-m case. As shown in Figs. 7͑a͒-7͑c͒ , the experimental data indicate a significantly higher T i (t) than predicted for the 20 and 24-m capsule implosions during the final stages of the compression burn, which suggests that mix is significant in these types of implosions. The 27-m capsule implosion indicates a smaller discrepancy suggesting that mix is less significant in this case.
B. Shock-bang timing and shock-burn duration
The unique strength of the D 3 He shock burn and its clear separation from the compression burn allow highly accurate shock-bang timing measurements, and thus highly accurate studies of drive efficiency often characterized by the flux limiter. The advantage of this approach is that mix is insignificant at shock-bang time, as demonstrated in Ref. 12, allowing accurate comparisons of experimental data and 1D calculations. Figures 8͑a͒ and 8͑b͒ contrast the measured shock-bang time and shock-burn duration, respectively, to 1D calculations in which different flux limiters were used. With the assumption that the laser absorption is correctly computed, a flux limiter of ϳ0.08 and ϳ0.07 is required to explain the measured shock-bang time for the 20 and 24 m FIG. 5. ͑a͒ Calculated D 3 He proton spectra, for a 27 m thick capsule implosion ͑shot 31271͒, fitted to spectra measured by proton spectrometers positioned in TIM1 through TIM6 ͑a reduced 2 ranging from 0.7 to 1.0 were obtained from these fits͒. ͑b͒ Unfolded D 3 He burn history ͑dotted line͒, and final R(t) curves inferred from the fits shown in ͑a͒.
FIG. 6. D
3 He and DD burn histories for a 27 m thick capsule implosion ͑shot 31274͒. The D 3 He burn history contains a significant shock-burn component in addition to a compression burn, similar to that of DD neutrons. In this particular case the total DD yield is ϳ60 times larger than the D 3 He yield.
thick capsule implosions, respectively, while a flux limiter closer to ϳ0.06 must be used to describe the 27 m data. In addition, the measured shock-burn duration cannot be accurately explained by the 1D calculations that seem to systematically overestimate the shock-burn duration.
C. Evolution of R and R asymmetry
The D 3 He burn history, in combination with several time integrated D 3 He proton spectra, provides a method for studying the evolution of R and R asymmetries, as described in Sec. III. The time integrated spectra are recorded from different views of the implosion, allowing for low mode (l р3) R asymmetries to be determined. 9 The evolution of R and R asymmetries, inferred from spectral and temporal measurements, for a 24 m thick capsule imploded under nominally ideal conditions ͑shot 29841͒, is plotted in Fig. 9 for different views ͑dotted lines͒, along with a 1D calculation ͑thin solid line͒. In addition, Fig. 9 shows the D 3 He burn history for this implosion ͑thick solid line͒. As indicated, the 1D calculation agrees with the experimental data at shock- FIG. 7 . T i (t) determined from the ratio of measured DD and D 3 He burn histories for 20 m ͑a͒, 24 m ͑b͒, and 27 m thick capsule implosions ͑c͒. The statistical accuracy in the T i (t) data was improved by summing the DD and D 3 He burn history data over a few consecutive shots. For the 20 m case, the T i (t) data is averaged over two shots ͑shots 29835 and 29836͒, while the T i (t) data for the thicker capsule implosions is averaged over four shots ͑29838 -29841 for the 24 m case, and 31271, 31274 -31276 for the 27 m case͒. A constant temperature of ϳ2 -4 keV is determined during the compression phase ͑for the different types of implosions͒. The measurements are compared to 1D calculated T i (t) determined from the ratio of the burn histories ͑solid lines͒. A sharp cutoff flux limiter of ϳ0.07 was used in the 1D calculations for the 20 and the 24 m case, while a sharp cutoff flux limiter of ϳ0.06 was used for the 27 m case. The experimental data indicate a higher T i (t) than predicted during the final stages of the compression phase for the 20 and 24-m capsule implosions, which suggests that mix is significant in these types of implosions. The 27-m capsule implosion indicates a much smaller discrepancy suggesting that mix is less significant in this case.
FIG. 8.
Measured shock-bang time ͑a͒, and measured shock-burn duration ͑b͒, as functions of shell thickness. The measurements are contrasted to 1D calculations in which sharp cutoff flux limiters ranging from 0.06 to 0.08 were used. As mix is insignificant during shock burn, accurate comparisons of measured data and 1D calculations can be performed. A flux limiter of ϳ0.08 and ϳ0.07 is required to explain the shock-time data for the 20 and 24 m thick capsule implosions, respectively, while a flux limiter closer to ϳ0.06 must be used to describe the 27 m data. Furthermore, measured shock burn duration cannot be accurately explained by the 1D calculations, which seem to systematically overestimate the shock-burn duration.
FIG. 9. Evolution of R and R asymmetries ͑dotted lines͒ inferred from experiments for a 24 m thick capsule imploded under nominally ideal conditions ͑shot 29841͒. Also shown is the 1D calculation ͑thin solid line͒, which agrees with the experimental data at shock-bang time, but at compression-bang time it overestimates the average R with (ϳ20%). An average R growth of ϳ4 -5 times from shock-bang time to compressionbang time is observed. The D 3 He burn history is shown as well ͑thick solid line͒.
bang time as also observed in Ref. 16 , but at compressionbang time it overestimates the average R by ϳ20%, which is larger than the error in the inferred average R(t) ͑the error is typically 5%-10%͒. The average R grows by a factor of ϳ4 -5 times from shock-bang time to compression-bang time, and a similar trend is observed for the other types of implosions. Furthermore, R asymmetries are also observed at shock-bang time for nominally symmetric implosions, and these asymmetries seem to amplify throughout the implosion without any phase changes. A similar conclusion was suggested in Ref. 13 , which compared R asymmetries observed at compression-bang time and shockbang time, an effect that was demonstrated later in Ref. 14 for capsules imploded using a large imposed laser-drive asymmetry. The measured R is plotted in Figs. 10͑a͒ and 10͑b͒ as a function of longitudinal angle ͑although the TIM ports are not all on the equator͒ for shots 29836 ͑20 m thick capsule͒, 29838, and 29839 ͑both 24 m thick capsules͒ at shock-bang time and compression-bang time. The overall form of the data, both at shock-bang time and compressionbang time, from shots 29836 and 29839 indicate that the dominant structure has a mode number of lϭ1 in longitudinal angle, although there are not enough measurements to rule out the possibility of higher modes. Both Figs. 10͑a͒ and 10͑b͒ also clearly demonstrate that the lϭ1 R asymmetry grows ϳ7 -10 times ͑from shock-bang time to compressionbang time͒ without any phase changes. As described in Refs.
14 and 30 the growth of the absolute magnitude of these low-mode R asymmetries, which mainly result from laser drive asymmetry ͑variation in on-target laser intensity͒, is primarily driven by Bell-Plesset related convergence effects, 31 and the expression for the R asymmetry growth can be derived from Eq. ͑3͒ in Ref. 30 Figs. 10͑a͒ and 10͑b͒ , and for this particular implosion no significant R asymmetries are observed, both at shock-bang time and compressionbang time.
V. FUTURE WORK
Several intriguing avenues exist for advancing this work. First, we will study the evolution of ion temperature at earlier times ͑during the shock phase͒ using the method described herein. We have also initiated similar studies of the time evolution of fuel-shell mix in 3 He filled CD capsule implosions. In principle, studies of 3 He seeded cryogenic D 2 implosions at OMEGA that utilize these types of measurements could extend experimental information about the dynamics of cryogenic implosions. This type of data would significantly improve our understanding of how assembly occurs and allow critical evaluations of numerical simulations. It also seems plausible that similar measurements could be performed at the NIF at various phases in the development and testing of preignition capsules. In addition, with the capability of the PTD to time separate 14.1 MeV neutrons from ϳ20 to 30 MeV tertiary protons, 32 R evolution and asymmetries might be discernable for a large class of implosions that use D-T- 3 He fills.
VI. CONCLUSIONS
Shock-bang timing and proper assembly of capsule mass, as manifested through R evolution, have been determined for D 3 He capsule implosions. The primary goal of these experiments was to improve and extend the experimen- The overall form of the data, both at shock-bang time and compression-bang time, from shots 29836 and 29839 indicate a dominant structure of mode lϭ1 in longitudinal angle, although there are not enough measurements to rule out the possibility of higher modes. It is also seen that the R asymmetries are clearly amplified throughout the implosion without any phase changes. A R growth of ϳ4 -5 times ͑from shock-bang time to compression-bang time͒ is observed, while R asymmetries grow ϳ7 -10 times during this time period. The solid and the dashed line are linear interpolations between the points. For comparison, R data for a third implosion ͑shot 29838͒ is also shown in which no significant low-mode R asymmetries are observed.
tal information of the capsule implosions dynamics. Utilizing simultaneously the proton temporal diagnostic ͑PTD͒, the neutron temporal diagnostic ͑NTD͒, and several proton spectrometers, accurate studies of the nature of the D 3 He and the DD burn were determined. In particular, studies of shockbang timing, evolution of ion temperature, evolution of R and R asymmetries were performed. These studies demonstrate accurate comparisons, hitherto unavailable, between measurements and numerical calculations at shock-bang time. Comparisons of measured T i (t) to 1D calculations seem to indicate that the measured T i is higher than predicted in the later stage of the compression phase illustrating the effect of mix during this period. Finally, it has been shown that R asymmetries exist at shock-bang time for nominally symmetric implosions, and that these asymmetries (lϭ1) are amplified throughout the implosion without any phase changes. It has also been shown that R asymmetries grow ϳ2 times as fast as the average R growth.
